The polarized structure of axons and dendrites in neuronal cells depends in part on RNA 10 localization. Previous studies have looked at which polyadenylated RNAs are enriched in neuronal 11 projections or at synapses, but less is known about the distribution of non-adenylated RNAs. By 12 physically dissecting projections from cell bodies of primary rat hippocampal neurons and 13 sequencing total RNA, we found an unexpected set of free circular introns with a non-canonical 14 branchpoint enriched in neuronal projections. These introns appear to be tailless lariats that 15 escape debranching. They lack ribosome occupancy, sequence conservation, and known 16 localization signals, and their function, if any, is not known. Nonetheless, their enrichment in 17 projections has important implications for our understanding of the mechanisms by which RNAs 18 reach distal compartments of asymmetric cells. 19 20 42
Introduction

21
In polarized cells, such as neurons and oocytes, RNA localization to distinct subcellular compart-22 ments is important for spatial control of protein expression (Holt and Bullock, 2009 ). Known 23 mechanisms for asymmetric distribution of RNA include active transport (e.g., Actb, Ross et al., 24 1997), spatially restricted capture by an anchor (e.g., Nanos, Forrest and Gavis, 2003) , and control of 25 RNA degradation (e.g., Hsp83, Bashirullah et al., 2001) . In some cases, RNA localization depends on 26 splicing. For example, a detained intron (i.e., an intron with regulated post-transcriptional splicing, 27 as opposed to constitutive co-transcriptional splicing) restricts Srsf5 mRNA export from the nucleus 28 (Boutz et al., 2015) , and a retained intron (i.e., an alternative unspliced isoform) promotes dendritic 29 localization of Calm3 (Sharangdhar et al., 2017) . The Robo3 gene, which is important for commis-30 sural axon development in mice, expresses both a fully spliced mRNA and another retaining intron 31 26, and these isoforms encode different proteins that have opposing functions in axon guidance 32 (Chen et al., 2008) . Spatial and temporal control of protein expression from the intron-retaining 33 Robo3 isoform depends on its susceptibility to nonsense-mediated decay due to the presence of a 34 premature termination codon in the retained intron (Colak et al., 2013) . 35 Provocatively, some retained introns have been proposed to undergo splicing in dendrites 36 (Glanzer et al., 2005) . For example, an intron in the calcium-activated potassium channel Kcnma1 37 was reported to undergo splicing in dendrites of rat hippocampal neurons (Bell et al., 2010) , and 38 this was suggested to be a mechanism for locally tailoring calcium-activated potassium currents. 39 Because pre-mRNA splicing by the spliceosome is generally thought to be restricted to the nucleus 40 (Steitz et al., 2008) , this proposal has been controversial, and it has not yet been independently 41 confirmed. RNAs enriched in projections 92 To comprehensively and quantitatively evaluate how well our datasets distinguish known localized 93 RNAs, we employed Kallisto and Sleuth (Bray et al., 2016; Pimentel et al., 2017) for differential 94 expression analysis of annotated RNA transcripts in projections versus whole cells. RNA abundances 95 (in TPM, Transcripts Per Million) of biological replicates were well correlated (Spearman's correlation 96 coefficient ≥ 0.83 in projection samples, ≥ 0.88 in whole cell) (Figure 2-Figure Supplement 1) , but 97 comparisons between projection and whole cell datasets showed substantial differences (Figure 2A; 98 Table S2 ). As expected, known nuclear noncoding RNAs, including Xist, Malat1, Meg3, snoRNAs, 99 and scaRNAs, were among the 1,486 genes significantly depleted (> 1.5 fold and q-value < 0.01) 100 from projections. In contrast, 1,440 transcripts were significantly enriched in projections, including 101 known projection-localized mRNAs such as Pabpc1, Map2, Dlg4 (neuronal) , and Gfap (glial) (Poon 102 et al., 2006; Garner et al., 1988; Cajigas et al., 2012; Sarthy et al., 1989) . Gene ontology analysis 103 showed that the set of projection-enriched mRNAs were significantly enriched for genes involved in 104 mitochondrial functions (cytochrome-c oxidase activity) as well as nearly the entire set of ribosomal 105 protein encoding mRNAs (RP mRNAs) (Figure 2-Figure Supplement 2) . Indeed, seventy annotated RP mRNA isoforms were enriched more than two-fold in projections (black dots in Figure 2A Out of a total of 190,180 such intron regions, we considered 57,432   131 to have reliable coverage (at least one read in each of the five biological replicates, with mean 132 read density > 0.005 mapped reads/intron region length) in the whole cell libraries, but only 1,632 133 met these criteria in projections (Figure 3B -inset; Table S3 ). For the 33 intron regions that we 134 considered reliably covered in projections but not in whole cells, individual examination showed 135 that all had coverage in the whole cell libraries but had just missed the cut. 136 Introns are expected to be spliced and degraded in the nucleus and thus strongly depleted 137 from projections, but a scatter plot of intron region abundance in projections versus whole cells 138 ( Figure 3B) shows a bimodal distribution. Intron regions that show coverage in projections define 139 a subpopulation that has similar read coverage in projections and whole cells. This population is 140 interesting because of the restrictive way that we define "intron regions": no annotated transcript 141 isoform of a given gene shows these regions as exonic, but their abundance in projections suggests 142 that they are either unspliced, excised but stable, or independent transcripts. They include, for 143 example, known (but unannotated) neuron-specific retained introns, such as in Calm2 (homolog of   144 mouse Calm3, Sharangdhar et al., 2017) . 145 As we looked at randomly selected examples of the 1,632 intron regions in the rat genome 146 browser, we found, unsurprisingly, that many cases simply represented an unannotated alternative 147 splicing event (i.e., alternative 5' or 3' splice site) or an unannotated transcription start site (TSS) or 148 polyadenylation site (PAS) within an annotated intron. We found it useful to distinguish them into 149 classes depending on the presence or absence of reads spanning the unspliced 5' or 3' splice sites 150 (5' exon-intron and intron-3' exon reads, EI and IE) and spliced exon-exon junctions (EE) (Figure 4A isoform with a different C-terminal sequence than the canonical isoform. Conservation of this 165 alternative coding sequence suggests it is likely functional (Figure 4C) . 166 We looked specifically at Kcnma1 intron 23, which has previously been reported to be retained, (Figure 4-Figure Supplement 1) . We used the presence of intronic polyadeny-176 lation sites from our PASseq data to identify these two cases (n = 96 combined). Another subset 177 corresponded to unannotated alternative cassette exons, as in Abi2 (Figure 4-Figure Supplement 1 ribosome profiling data, nor of polyadenylation sites in our PASseq data, and thus they appeared to 181 correspond to nonpolyadenylated noncoding RNAs -possibly free introns or other genes within an 182 intron -and we looked into them further.
183
Circular introns with noncanonical branchpoints in projections 184 One explanation for detecting "free" intron regions in projection samples is that they could cor-185 respond to intron-encoded small RNAs such as small nucleolar RNAs (snoRNAs) or small Cajal 186 body RNAs (scaRNAs) that are nuclear-localized yet abundant enough that we detect reads in both 187 projection and whole cell data. We plotted relative enrichment (log ratio in projections/whole cells) 188 versus average abundance of each of the 278 intron regions (Figure 5 ). This showed that most 189 regions are indeed depleted in projection data, and we found that many do correspond to known 190 snoRNAs and scaRNAs. Projection-depleted regions also included known detained (unspliced and 191 nuclear-localized) introns of highly expressed genes, including Srsf5 and Clk1. We attribute their low 192 EI and IE read counts in projection data to statistical fluctuation around our thresholds; in whole 193 cell data, we see high EI and IE read counts for these abundant nuclear-localized introns. 194 However, many other intron regions were both abundant and enriched in projections (Figure 5 ). 195 These have features indicative of a previously described class of RNAs called "stable intronic exons. Further, these species were not detected in polyA+ RNAseq and ribosome profiling data. We 202 also observed a lack of read coverage over a 20-30 nt region at the 3' end of the intron. 203 Spliceosome-mediated intron excision from pre-mRNA releases a lariat molecule in which 204 the branchpoint nucleotide, predominantly an adenosine (Taggart et al., 2017) , is linked 2'-5' to 205 the 5' end of the intron. Reverse transcriptase can occasionally traverse a 2'-5' linkage, so lariat 206 branchpoints result in circularly permuted reads in RNAseq data. To test whether projection-207 enriched free intron species had characteristics of an intron lariat, we searched for circularly 208 permuted reads within them using find_circ.py (Memczak et al., 2013) . For fourteen projection-209 enriched intron regions, we detected numerous circularly permuted reads (Figure 6A) , enabling 210 us to identify the branchpoints. In all 14 cases, the branchpoint was a cytosine, C (n = 12), or 211 guanine, G (n = 2), instead of the canonical adenosine, A. The spliceosome can use C or G as a 212 branchpoint nucleotide, but the lariat debranching enzyme is inefficient at hydrolyzing the 2'-5' 213 linkage at these residues (Jacquier and Rosbash, 1986). Thus lariats with C or G branchpoints might 214 be expected to be more stable than other introns. We attribute the lack of read coverage at the 215 3' end of these introns to exonucleolytic degradation of the lariat tail, leaving stable circular RNAs 216 with a 2'-5' linkage. 217 We asked if these 14 introns had any other unusual sequence features. We derived sequence 218 logos centered at their aligned 5' splice sites, branchpoints, and 3' splice sites. Their 5' and 3' 219 splice sites conform to the standard consensus sequences, but their branchpoint follows a CC 220 consensus 17-49 nucleotides upstream of 3' splice site ( Figure 6B) . Mismatches in read alignments 221 at the branchpoint and the relative scarcity of circularly permuted reads versus linear reads were 222 consistent with the existence of a 2'-5' linkage that the reverse transcriptase traverses with lower 223 efficiency and accuracy. Other than conservation of 5' and 3' splice site sequences, none of the 224 14 free introns showed notable phylogenetic sequence conservation (Figure 6C) . Although we 225 hypothesize that the C branch site is an essential feature in stabilizing these projection-localized 226 free introns, C branchpoints were not notably conserved across multi-species alignments of these 227 introns, indicating little evolutionary pressure to conserve this feature.
228
Discussion
229
In this study, we conducted a comprehensive analysis of transcripts localizing to neuro-glial pro-230 jections of primary rat hippocampal cells. Our data add to the growing compendium of localized 231 RNAs identified using high-throughput methods in diverse rat/mouse neuronal cell types (e.g., (Figure 1) . As expected, 97% of the annotated intron regions that we could detect across all samples 239 met our expression cutoffs in whole cells only (Figure 3) . Of the 3% of intron regions that are also 240 detectable in projections, the majority turned out to be attributable to incomplete annotation 241 of alternative mRNA isoforms or to intron-encoded snoRNAs/scaRNAs (Figure 4) . Integration of 242 layers of information -polyA+ RNAseq, ribosome profiling, and PASseq libraries -from parallel 243 hippocampal cultures proved essential for us to characterize these regions. showing lack of conservation in projection-enriched free introns relative to exons, or even to retained introns.
5' splice site branchsite
x-axis represents median phyloP score over a 50 nt sliding window with 10 nt step size. (D) Inferred molecular structure of projection-localized free circular introns. same cell types (Figure 4-Figure Supplement 4) . Further, the retained introns that we identified 253 in neuro-glial projections exhibit almost no overlap with the set of "cytoplasmic intron sequence-254 retaining transcripts" (CIRTs) previously reported to localize to rat primary hippocampal dendrites 255 (Figure 3-Figure Supplement 2 Our most surprising finding was the detection of free introns in projections (Figure 5) , which 262 we infer to be lariat species containing a cytosine or guanine branchpoint instead of the canonical 263 adenosine (Figure 6) . The most likely explanation for the persistence of such species is the inability 264 of debranching enzyme to cleave the 2'-5' bond at a C or G branch. shown to occur and to be important for axon development (Shigeoka et al., 2018) (Poon et al., 2006) and quantity of RNA was assessed by Nanodrop™ UV spectrophotometer (A260/A280 measure-378 ments) and Bioanalyzer Pico RNA microcapillary electrophoresis (Figure 1-Figure Supplement 2) . 379 rRNA-depleted total RNAseq library preparation 380 RNAseq libraries were prepared following the protocol published in (Zhang et al., 2012) A total of five biological replicates were sequenced over a span of 2 years, replicates 1-3 (paired-400 end 100) in 2014 and replicates 4,5 (paired-end 125) in 2016.
401
PolyA site sequencing 402 PolyA site sequencing (PASseq) libraries were prepared following the protocol in Ashar-Patel et al. 403 (2017) and Heyer et al. (2015) . 2-5 µg of total RNA from each sample (3 biological replicates of 404 projection and whole-cell lysates) was treated with DNase and fragmented as described above. 405 The RNA was reverse transcribed with Superscript III using an anchored oligo-dT primer containing 406 Illumina sequencing adapters and a unique barcode for each sample. Single-stranded RNA was 407 degraded with RNaseI. The cDNA was denatured (65°C for 5 min) and resolved by electrophoresis on 408 a 10% polyacrylamide gel to select 160-210 nt sized fragments (for a 50-100 nt expected insert size 409 sans the adapter sequences). To extract cDNA from the gel, a piece of the gel containing the cDNA 410 was cut at the appropriate location, crushed, and nutated overnight in a solution of 300 mM sodium 411 chloride and 10 mM EDTA. The solution was recovered from gel pieces by centrifugation in Corning™ 412 Costar™ Spin-X™ columns (#07200386) at 10,000 x g for 3 minutes. cDNA was precipitated using inhibitor (Complete, EDTA-free, Roche)). The lysate was collected by scraping the plates, transferred 428 to a clean microcentrifuge tube and incubated on ice for 5 min, followed by centrifugation at 1300 x 429 g for 10 min to pellet the nuclei. fixative (4% paraformaldehyde) for 10 min at room temperature. The fixative was removed and 470 the cells were rinsed three times with PBS followed by permeabilization with 0.1% Triton™ X-100 471 for 5 minutes. Cells were then rinsed three times with PBS and quenched with 50 mM ammonium 472 chloride (in double-distilled water) for 10-15 minutes, followed by three more rinses with PBS. The 473 fixed and permeabilized cells were then incubated with 10% normal goat serum in PBS (blocking 474 solution) for 30 minutes at room temperature. For cells grown on membranes, the membranes 475 were cut out of their plastic support system using a sharp blade and transferred to small chambers 476 for the next steps. The samples were kept moist at all times during the protocol. 477 The membranes or slides were incubated overnight at 4°C with primary antibody diluted in 478 blocking solution then rinsed three times with PBS. Fluorescently-labeled secondary antibody was 479 applied for 1 hour in the dark at room temperature and rinsed by three washes with PBS. The 480 membranes were cut in half and placed on glass slides with either the whole cell or the projection 481 side on top. ProLong™ Gold antifade media with DAPI was applied to the membranes before 482 covering them with a 0.16-0.19 mm thick cover glass. The edges of cover glass were sealed with 483 transparent nail-polish and allowed to set overnight in the dark at room temperature. Sheppard et al., 2013) , which calcu-543 lates the probability of a genomic locus to be a true polyadenylation site. The reads were first 544 aligned to the rat genome using TopHat version 2.1.1 (Langmead and Salzberg, 2012) , then reads 545 with mapping quality greater than 10 were selected using SAMtools version 1.4.1 (Li et al., 2009) Only those genomic loci with more than 5 read alignments were considered for further analyses. To identify RNAs enriched in projections, we compared transcript abundances in projections 603 to whole cells using Sleuth version 0.30.0 (Pimentel et al., 2017) . The code used to run sleuth 604 is provided as SuppCode_sleuth_RNA_diffexp.Rmd and the output is provided as Table S2 (Ta-605 bleS2_sleuth_RNA_diffexp_WC_vs_P.tsv).
606
Gene ontology analysis 607 To identify gene families enriched in projections or whole cells, we used GeneCodis http://genecodis. crossing the EE junction, only those read alignments that started and ended at the EE coordinates 628 were considered. Since EE regions are longer than 100 nt because they include the intron, the only 629 way a 100 nt long read would start and end at the EE coordinates is if the alignment splits. In case 630 of ribosome profiling and polyA+ RNAseq data, where the minimum read length is 24 nt, the EE 631 regions included the intron region and 12 nt of each flanking exon. The commands used to align 632 the reads to the rat genome, define regions of interest, and count reads on them are shown in 633 Figure 1-Figure Supplement 3 and Figure 3-Figure Supplement 1 . 634 Circularly permuted read alignments 635 To align reads allowing circular permutation, we used find_circ.py version 1.2 (Memczak et al., 2013 ) 636 following instructions provided on the github repository https://github.com/marvin-jens/find_circ. 637 Reads that failed to align to the rat genome using TopHat (see above) were used to search for 638 circularly permuted alignments. The following commands were executed: (Pollard et al., 2010) downloaded 649 from the UCSC database (Kent et al., 2002) . Each nucleotide has a PhyloP conservation score. For 650 every region of interest, we calculated the average PhyloP score across 50 nt windows with a 10 nt 651 interval (using bigWigAverageOverBed version 2 from Kent et al. (2010) ) and took the median score 652 across all windows in the region. Only RNAs >~150 nt were sequenced for this study. In projections, the band at~100 nt was striking. By sequencing RNAs within 20-150 nt size range, we found that they were mostly full length and fragmented tRNAs (unpublished data). $ awk '{print $1"\t"$2-50"\t"$3+50" \t"$4"\t"$3-$2"\t"$6} ' Intron_regions.bed > EE_100nt.bed $ awk '{print $1"\t"$2-12"\t"$3+12" \t"$4"\t"$3-$2"\t"$6} ' Intron_regions. 
